An examination of BHK, CEF, and FHM cells chronically infected with frog virus 3 has been made by scanning and transmission (thin section, freeze fracture, and surface replica) electron microscopy. With minor differences the pattern of virus development is similar in all three cell lines. Virus particles were detected in cell nuclei which subsequently became degenerate very late in infection. Three inclusions were associated with frog virus 3 cytoplasmic loci of infection; /amelia structures, extensive microtubule formation (in BHK and FHM ceils), and linear crystalline structures. The last two structures may play a role in creating or maintaining the cell rounding c.p.e, revealed by scanning electron microscopy. Very late in infection most BHK and FHM, but not CEF, cells are stripped of the plasma membrane. Replicas of frozen fractured BHK cells featured cytoplasmic loci of infection, budding at the plasma membrane, and showed that at early times when virus is detected in the nucleus, the nuclear membranes are intact and morphologically unaltered. Budding at the plasma membrane was better resolved by scanning and as surface replicas. This demonstrated that sparse to profuse localized budding occurred. Frequently virus particles were located singly, or as multiples, at the end of, or along, cytoplasmic protrusions which occur both on the body of the cells and at the cytoplasmic/coverslip 'interface'.
INTRODUCTION
Frog virus 3, an icosahedral 'cytoplasmic' deoxyribovirus, replicates in cell lines derived from vertebrate animals of a variety of orders including fat-head minnow (FHM) cells, baby hamster kidney 2t/I3 (BHK) ceils, and primary chick embryo fibroblasts (CEF) (Granoff, I969; Gravell & Granoff, I97o; Kelly & Robertson, I973; McAuslan & Armentrout, t974) . Electron microscope studies of frog virus 3, or the serologically related frog virus I, in these three cell lines have been restricted to the examination of thin sections of resin embedded material and demonstrate that the primary site of replication is the cytoplasm (Darlington, Granoff & Breeze, I966; Tripier & Kirn, I971; Kelly, I975) . Late in infection virus particles have been observed in the nucleus of FHM and CEF cells but not BHK cells. This curious observation led us to examine in detail thin sections of frog virus 3-infected FHM, BHK, and CEF cells at time points when a single cycle of growth is being, or has been, completed in order to determine whether frog virus 3 particles could be detected in BHK cell nuclei, and to further study the possibility that nuclei accumulate cytoplasmically synthesized virus.
Examination of thin sections has limitations, mainly because membrane surfaces are not featured, so we examined surface replicas of frozen fractured cells, primarily to observe the surface of the nuclear membranes and the structure of nuclear pores (possible points of entry into the nucleus of cytoplasmically synthesized virus). Freeze fracture studies also showed that the plasma membrane of the cells is altered during frog virus 3 infection and so the surface of cells were examined as replicas and by scanning electron microscopy. We particularly wished to investigate 'budding' of an icosahedral virus at the plasma membrane. Frog virus 3 morphogenesis in BHK cells showed all the features resolved in FHM and CEF cells as judged by thin sectioning, and so freeze fracture, surface replica, and scanning studies were conducted in BHK cells.
In the course of our observations a number of unusual features of frog virus 3 replication were encountered and these are also reported.
METHODS
Cells. BHK and CEF cells were grown and maintained as previously described (Kelly, Avery & Dimmock, I974; Kelly & Dimmock, I974) . FHM cells were grown at 2I °C and maintained as described by Gravell & Malsberger (I965) .
Virus. Frog virus 3 stocks were grown and plaque assayed in CEF cells, and purified, as previously described .
Infection and processing of cells. Cells were infected with Io p.f.u, virus/cell as confluent monolayers grown on plastic Falcon medical flats or glass cover slips as previously described for CEF cells (Kelly, I975) . Cells were processed for thin sectioning of epoxy resin embedded material as previously described (Kelly & Tinsley, I974; Kelly, t975) . Cells destined for freeze fracture were washed in Earle's saline, and the resuspended pellet was fixed in 5 ~ (v/v) glutaraldehyde/Earle's saline for I h, washed twice, and infiltrated with 30 (v/v) glycerol/Earle's saline overnight. Freeze fracture was performed on a Denton Vacuum DV-5o2 unit and platinum/carbon replicas made were eroded in 5o ~ (v/v) 'Domestos'/water overnight and washed twice in water. Cells destined for scanning and the production of surface replicas were fixed in situ on coverslips with 5 ~ (v/v) glutaraldehyde/Earle's saline, dehydrated through ethanol, and stored in amyl alcohol. The specimens were then critically point dried and rotary coated with gold/palladium for scanning or platinum/carbon for replicas (which were handled as frozen fracture replicas). Samples were taken 24, 48, 72, 96 and ~4o h after infection.
Electron microscopy. A Cambridge S4-IO Stereoscan scanning electron microscope was used (courtesy of the Clarendon Laboratory, Oxford) operating at 3o kV and a filament current of 2"65 A. Transmission observations were made on an AEI 6B or (in the case of surface replicas) 8oi electron microscope operating at 6o kV.
RESULTS

Examination of thin sections of infected FHM, CEF, and BHK cells
At all sampling times (24 h to 14o h after infection) virus particles were observed in the nuclei of some cells of all three cell lines. The percentage of nuclei containing virus particles varied from experiment to experiment. One to 5 ~ of BHK cell nuclei were 'infected' compared to IO to 2o ~ of CEF cells and 20 to 25 ~ of FHM cells. Twenty-four hours after infection nuclei appeared morphologically intact (Fig. I a) . At later time points nuclei contained small 'crystals' of virus though these nuclei showed signs of disintegration ( Fig. I b, c, d ). At late stages nuclei became markedly pyknotic and nuclear membranes disintegrated (Fig. 6b) . Seventy-two hours or later nuclei were observed in less than IO ~ of sectioned cells as seen in Fig. 2 and 5.
In both B H K and F H M cells extensive microtubule formation was observed at 72 h and later ( Fig. 2 and 3 ). This was rarely observed in CEF cells. Microtubules, normal components of uninfected cells, were never observed in such extensive array in mock infected cells. Fig. 4 shows a virus associated inclusion observed in all three cell systems late in infection (72 h and later). This inclusion appeared crystalline, was frequently found adjacent to microtubules, and may represent aggregation of protein. Lametlar structures were at the periphery of cytoplasmic infection foci in 3o ~ of cells (Fig. 5) .
Frog virus 3 budding at the plasma membrane was frequently observed 24 and 48 h after infection (see 
Frozen fractured infected B H K cells
Fig . 7 shows a cell 24 h after infection with the fracture plane along the plasma membrane and through the cell, showing virus budding at the plasma membrane, a cytoplasmic focus of infection, and 'crystals' of the virus. The nucleus does not feature in this fracture. Fig. 8 shows a nucleus typical of infected cells, showing surfaces of both the inner and outer nuclear membranes. The nuclear pores are about 6o nm in diam., identical to those in mock infected cells. Nuclei were observed which were devoid of nuclear pores (probably about to enter G2 phase) but never with enlarged pores. Fig. Ioa shows a cross fracture of the nuclear membranes 48 h after infection again demonstrating that nuclear pores are smaller than virus particles. In thin sections early cytoplasmic foci of frog virus 3 infection typically comprise an electron translucent area with virus particles and mitochondria scattered at the periphery (Kelly, 1975) . Such a focus, frozen fractured, is shown in Fig. 9 . The focus contains lamellae which feature occasionally in thin sections (Fig. 5) . Fig. 9 also shows mitochondria (though some structures may be vacuoles) scattered around the focus. The fracture demonstrates the even structure of the focus matrix.
Aberrant forms of frog virus 3 are often encountered in infection (Darlington et al. 1966 ; Bragaglia, Campadelli-Fiume & La Placa, 1974; Kelly, 1975) . A focus containing aberrant forms is shown in Fig. lob and demonstrates that elongated and bacilliform forms of frog virus 3 particles are truly cylindrical. Budding of frog virus 3 at the plasma membrane frequently featured in fractures at appropriate time points (up to 48 h post-infection) as shown in Fig. IO(C) . Little surface structure was resolved on the enveloped virus particles.
Seanning electron mieroscope observations
Scanning electron microscopy was undertaken to feature the envelopment at the plasma membrane. Low power examination of infected cells however showed the marked c.p.e. that frog virus 3 causes in BHK cells (Fig. I I fibroblastic cells showing nuclear prominences and intercellular links ( Fig. ~ t a) . 24 h after infection considerable rounding of the cells was observed though cells still showed a basic fibroblastic structure (Fig. I I b) . At later time points most cells had detached from the glass, and those cells remaining attached had lost their fibroblastic structure and appeared quasi spherical (Fig. IX c) . The number of cytoplasmic links was considerably diminished. Characteristically, cells with a raspberry like appearance were found at all sampling times ( Fig. I I d) .
On: Sat, 29 Dec 2018 11:14:58 Twenty-four and 48 h after infection 2oo nm spherical protrusions were observed in profusion over the surface of most cells, but not the raspberry like cells. We assume that this represents the envelopment of frog virus 3 particles (cf. Fig. IO and l I ; Kelly, I975).
Envelopment of virus particles occurred in parts of the cytoplasm elevated over nuclei (Fig. 12 b) and cytoplasm flush with the cover slip ( Fig. 12 c and d) . Virus particles were also observed at the ends of cytoplasmic protrusions extending across the cover glass 24 h p.i. (Fig. I2c) . Such protrusions were not conspicuous on the body of the cell though Fig. I2d shows structures which may represent collapsed protrusions. Most 'budding' particles were not associated with cytoplasmic extensions (the cell 'edges' shown in Fig. i2b and d show this). No surface structure of the enveloped virus particles was observed even in micrographs taken at a magnification of 5oooo (Fig. Iaa) 
Surface replicas of mock-infected and infected BHK cells
Surface replicas of mock-infected cells resolved features identical to those revealed by scanning electron microscopy, though in certain respects better detail of frog virus 3 budding was obtained. Large discrete areas of budding were observed (Fig. I3a) , and some enveloped particles were' tailed'. These may represent collapsed and contracted cytoplasmic protrusions which are more clearly resolved at the cell periphery ( Fig. ~ 3 d) . Fig. 13 b shows that some virus containing protrusions observed at the cell periphery originate on the body of the cell, though most cell peripheral protrusions were flush with the coverslip (Fig. I3d) , and many contained up to a dozen virus particles. Not all virus particles acquiring an envelope at the cell periphery were located in protrusions (Fig. 13 e) . Though the resolution of surface replicas is better than with scanning electron microscopy we were unable to discern envelope substructure (Fig. 13 c and inset ~ 3 b) . 
DISCUSSION
Late in infection the sequence of frog virus 3 morphogenesis in the three cell lines was similar to that reported previously in F H M and CEF cells (Darlington et al. I966; Kelly I975) , and our results contrast with Bingen-Brendel and colleagues (I97i) who asserted that frog virus 3 particles are not encountered in BHK nuc|ei. We were unable to resolve the method of entry of frog virus 3 particles into cell nuclei. As in our earlier study (Kelly, I975) virus particles were not observed transversing the nuclear membranes, and in our frozen fracture examination we were unable to resolve any change, which would permit efficient entry into the nucleus early in infection. It is possible that virus particles are accidentally incorporated within the nuclear confines when cells enter telophase and future experiments with synchronized cells should resolve this. It is however improbable since at 28 °C (our experimental infection temperature) both B H K and C E F cells are not actively growing, though F H M (which show the highest nuclear incorporation) grows at this temperature. With other 'icosahedral cytoplasmic deoxyriboviruses' such as African swine fever virus in B H K cells at 37 °C, and a flounder lymphocystis virus in F H M cells at I5 and 2I °C, both temperatures optimal for cell growth, nuclear involvement has not been observed (D. C. Kelly, C. J. Smale, D. N. Black and P. H. Russell, unpublished data). This is probably because, as with frog virus 3, cell growth is arrested on infection. In conclusion we are unable to eliminate the possibility that frog virus 3 can use the nucleus as an alternative replication site. The nucleus can act as an alternative site for the smaller plant I C D V -c a r n a t i o n etched ring virus (Lawson & Hearon, I973) ; and a virus, morphologically similar to frog virus 3, replicates primarily in the nucleus ofParamoebiurn arcautum cells (Manier et al. I970. Late in infection nuclei became markedly pyknotic, and thin sections gave the impression that many cells were enucleate, though this is because of the reduced chance of sectioning through such a nucleus. Most cells possess a nucleus, albeit degenerate, as indicated by Giemsa staining (D. C. Kelly, unpublished observations) though it is difficult to discriminate between late foci of infection (as shown in Fig. 5 ) and pyknotic nuclei.
The extensive microtubule formation observed in FHM and BHK ceils is probably associated with maintenance of c.p.e, featured in the scanning electron microscope. Microtubules appear when cells are in the late c.p.e, stage of quasi-spheric. The actual role of microtubules, other than association with cell division, is a matter of contention, though microtubules may play a structural role in cells (Goldman, I971) and microtubules together with microfilaments are tenuously associated with cell motility (Goldman & Follett, i969, 197o; Goldman et al. 1973) . By association it appears that in frog virus 3 infected ceils microtubules play a structural role, probably maintaining the integrity of cells as the cell loses the plasma membrane. Extensive microtubule formation also occurs in insect cells infected with some, but not all, I3O nm iridescent viruses (Kelly & Tinsley, I974) . Iridescent vials development differs from that of frog viruses I and 3 with the cell rounding c.p.e. preceding or concomitant (depending on the cell system) with virus production, and microtubule formation precedes iridescent virus production. The microtubules associated with iridescent viruses (Kelly & Tinsley, I974) appear to be structurally different to those encountered in this study.
Two other structures were associated with foci of infection. Structures which were presumably lamellae (because evidence of a cylindrical shape was not obtained) have an unknown relationship to the virus but may represent membranous material. Superficially similar structures have been observed by Easterbrook (1972) in vaccinia virus (a nonicosahedral cytoplasmic DNA virus) infected L cells but they represented crystalline aggregates. High magnification examination indicates a repeating structure in the frog virus 3 associated structure but they are not crystalline aggregates. The other virus associated structure (Fig. 4) was not resolved in freeze-fracture, and this structure may also play a structural role in virus infected cells.
In an earlier paper (Kelly, 1975) virus particles were observed (as thin sections) budding in two situations; either as particles whose envelopment was apparently being completed at the plane of the plasma membrane, or, less frequently, as particles fitting snugly at the end of long protrusions. This is confirmed by surface replica and scanning electron microscopy, but it is not resolved whether this represents two distinct phenomena. Frog virus 3 particles located in protrusions are readily visible at the cell/glass interface, either flush with the cover slip or partly elevated above it. Enveloped particles with tails, representing collapsed protrusions, are also visible on the body of the cell. ' Conventionally' enveloped viruses such as the pseudospherical Sindbis virus and the bullet shaped vesicular stomatitis virus are also associated with protrusions, but these are resolved only at the ceil/glass interface, and it is suggested that preferential maturation occurs at this site because of local membrane fluidity (Birdwell & Strauss, I974; Birdwell, Strauss & Strauss, I974) . We have not resolved preferential maturation at this interface, but it is possible that particles reside in protrusions on the body of the cell as a result of 'roll back' of the cells (as the rounding c.p.e, progresses) leaving particles acquiring an envelope clinging to the coverslip, drawing out a cytoplasmic extension, which may either snap or ride onto the cell body.
We observed little structure associated with the virus envelope although the enveloped particles were approximately spherical. Scanning electron microscopy and surface replicas provided better visualization of the budding process mainly because of greater apparent relief than freeze fracture attains. The extensive budding at the plasma membrane may explain why in some cell lines the plasma membrane loses its integrity, and cells devoid of plasma membrane are observed presumably because the cell is unable to replenish the membrane. Scanning electron microscopy (and also surface replicas, not shown) demonstrated that in infected cell cultures cells with a raspberry like appearance were found, but they were not resolved in mock-infected cell cultures. We are unable to account for this phenomenon, but a similar appearance has been described for actively dividing BHK cells by Follett & Goldman (197o). The cells observed by us were not actively growing at 28 °C.
